Abstract Chromatographic retention data were measured for a wide range of organic solutes on 1-butyl-1-methylpyrolidinium tris(pentafluoroethyl)trifluorophosphate ([BMPyrr]
Introduction
Ionic liquids (ILs) have now been known for more than 50 years; however, the application of ILs as solvent media in industrial manufacturing and chemical separation processes has experienced tremendous growth during the last decade. The increased applications have resulted because ILs exhibit high thermal stability and negligible vapor pressures. Ravilla and Banerjee [1] recently investigated 1-ethyl-3-methylimidazolium methylsulfonate, 1-ethyl-3-methylimidazolium ethylsulfate, and 1-ethyl-3-methylimidazolium acetate as green solvents for the denitrification of diesel oil at T = 298.15 K and atmospheric pressure. Chen and coworkers [2] synthesized four thiazolium-based ILs (i.e., 3-butyl-4-methylthiazolium dicyanamide, 3-butyl-4-methylthiazolium thiocyanate, 3-butyl-4-methylthiazolium hexafluorophosphate, and 3-butyl-4-methylthiazolium tetrafluoroborate) for use in extractive desulfurization of fuel oils. The authors reported that a 64 % dibenzothiophene and 45 % thiophene removal could be achieved using 3-butyl-4-methylthiazolium dicyanamide. Yu et al. [3] explored the deep oxidative desulfurization of diesel fuels by functionalized acidic ILs. In the latter application the ILs were used as both extractant and catalyst. Task specific ionic liquids [4] and recyclable ionic liquid catalytic systems [5] [6] [7] [8] [9] have been used as solvent media in chemical syntheses. Most (if not all) of the named synthetic methods have been performed in ILs.
Ionic liquids are molten salts, typically composed of a bulky organic cation structure (alkylimidazolium, alkylpyridinium, alkylpyrrolidinium, alkylpiperidinium, tetraalkylphosphonium, tetraalkylammonium) of low symmetry and either an inorganic anion (tetrafluoroborate, hexafluoroborate, nitrate, thiocyanate) or organic anion (alkylsulfate, dialkylphosphate, bis(trifluoromethylsulfonyl)imide, tris(pentafluoroethyl)trifluorophosphate). The cation type and size/symmetry affect the IL's melting point temperature, while the anion controls the extent to which the IL is miscible with water. Judicious selection of the cation-anion pair, combined with introduction of functional groups to the IL, enables one to design ILs possessing the specific physical and chemical properties needed for a given application.
The solvation parameter model, developed by Abraham and coworkers [10, 11] , has been successfully employed to evaluate the solubilizing properties of a large number of traditional organic solvents [12] [13] [14] [15] [16] [17] and several classes of ILs [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . The solvation parameter model is based on two liner free energy relationships (LFERs), the first relationship describes solute transfer between two condensed phases:
and the second relationship involves solute transfer from the gas phase to a condensed phase
where P and K refer to the solute's condensed phase-to-condensed phase partition coefficient (often the water-to-organic solvent partition coefficient) and gas-to-condensed phase partition coefficient, respectively. For ionic liquid solvents, Sprunger et al. [27, [34] [35] [36] further modified the basic solvation model log 10 P ¼ c p;cation þ c p;anion þ e p;cation þ e p;anion
log 10 K ¼ c k;cation þ c k;anion þ e k;cation þ e k;anion
to include ion-specific equation coefficients. Once calculated, the ion-specific equation coefficients can be put together as a cation-anion pair to allow one to predict solute partitioning behavior into a given IL. The independent variables in Eqs. 1-4 are solute-specific descriptors that have been determined for more than 5,000 different organic compounds and inorganic gases. The solute descriptors are defined as follows: E is the solute excess molar refraction in cm 3 Ámol -1 /10 calculated from the solute's refractive index; S corresponds to a combined dipolarity/polarizability descriptor; A and B describe the overall solute hydrogen-bond acidity and basicity, respectively; V represents McGowan's characteristic molecular volume in units of cm 3 Ámol -1
/100 and L is the logarithm of the gas-to-hexadecane partition coefficient measured at 298 K. The set of solvent/system coefficients (c p , e p , s p , a p , b p , v p , c k , e k , s k , a k , b k and l k ) characterize the transfer process and when multiplied by the respective solute descriptor measure the strength of each type of solute-condensed phase interactions. The equation coefficients are not merely fitting parameters, but represent the condensed phase properties as follows: e is a measure of the condensed phase interactions with the p-and non-bonding electrons on the solute; s measures the dipolarity/polarizability of the condensed phase; a describes the condensed phase hydrogen bond basicity (the complimentary property to solute hydrogen bond acidity); and b is the condensed phase hydrogen bond acidity (the complimentary property to solute hydrogen bond basicity). The v and l coefficients in Eqs. 1-4 reflect general dispersions that facilitate the solubility of a dissolved solute and the condensed phase-condensed phase interactions that oppose the solubilization process. In the case of solute transfer between two condensed phases (Eqs. 1, 3), the equation coefficients refer to differences in the properties of the condensed phases.
An advantage of characterizing solute transfer using the Abraham model is that once the equation coefficients have been calculated one can readily estimate further values of log 10 P and log 10 K for any additional solute for which descriptors are known. To date, we have reported IL-specific equation coefficients for 30 different ILs (Eqs. 1, 2), and 21 cationspecific and 14 anion-specific coefficients (Eqs. 3, 4), based on measured infinite dilution activity coefficient data, gas chromatographic retention factors and solubilities of solutes dissolved in anhydrous IL solvents [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . The afore-mentioned properties are thermodynamically related to the solute's gas-to-IL and water-to-IL partition coefficients. The water-to-anhydrous IL correlations describe ''hypothetical'' partitions, in which the partition coefficient is calculated as the molar solubility ratio for the solute dissolved in both neat solvents. Practical partition coefficients, on the other hand, represent true equilibrium partitioning between a water-saturated organic phase and an aqueous phase that is likewise saturated with the organic solvent. Correlations derived from the Abraham model, Eqs. 1 and 2, describe the log 10 K and log 10 P data for 30 different ILs to within 0.105 log 10 units and 0.135 log 10 units, respectively, the quoted values representing the average standard deviations of the individual correlations. Expressions based on Eqs. 3 and 4, and using our calculated ion-specific equation coefficients, predict the 3218 experimental log 10 K (at 298 K) values, 3046 experimental log 10 K (at 323 K) values and 3177 experimental log 10 P (at 298 K) values in our large unpublished ion-specific partition coefficient databases to within 0.128, 0.119 and 0.151 log 10 units, respectively. Equations 1-4 are expected to provide reasonably accurate log 10 P and log 10 K predictions for solutes dissolved in ILs at a given temperature (e.g., 298 or 323 K), provided that one stays within the predictive area of chemical space defined by the solute descriptors of the compounds used in determining the equation coefficients. The area of predictive chemical space would be: E = 0.000 to 1.500, S = 0.000 to 1.720, A = 0.000 to 1.040, B = 0.000 to 1.280, V = 0.109 to 1.799, and L = -1.200 to 7.833. A few of the IL-specific and ion-specific data sets spanned a slightly smaller range of solute descriptors.
In the present study, we report gas-liquid chromatographic retention factor data for a wide range of organic solutes on 1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl) trifluorophosphate, ( 
Experimental Methods and Partition Coefficient Datasets
All ILs examined in this study were provided as gifts from Merck KGaA (Darmstadt, Germany). The ILs were coated as stationary phases onto 5 m untreated fused silica capillary columns (5 m 9 0.25 mm) purchased from Supelco (Bellefonte, PA) by the static method at 313 K. In all cases, the IL coating solutions were prepared in dichloromethane using an IL concentration of 0.45 % (w/v).
Forty-two (42) probe molecules were selected for the characterization of the IL-based stationary phases. p-Cresol, m-xylene, o-xylene, and p-xylene were purchased from Fluka (Steinheim, Germany), and 1-butanol, ethyl acetate, 2-propanol, and toluene were purchased from Fisher Scientific. Acetic acid, methyl caproate, naphthalene, and propionic acid were purchased from Supelco (Bellefonte, PA, USA). Butyraldehyde and 2-nitrophenol were purchased from Acros Organics (Morris Plains, NJ, USA). Ethylbenzene was purchased from Eastman Kodak Company (Rochester, NJ, USA), cyclohexanol from J.T. Baker (Phillipsburg, NJ, USA), and the remaining solutes, namely acetophenone, benzaldehyde, benzene, benzonitrile, benzyl alcohol, 1-bromohexane, 1-bromooctane, 1-chlorobutane, 1-chlorohexane, 1-chlorooctane, cyclohexanone, 1,2-dichlorobenzene, 1,4-dioxane, 1-iodobutane, nitrobenzene, 1-nitropropane, 1-octanol, octylaldehyde, 1-pentanol, 2-pentanone, phenetole, phenol, propionitrile, pyridine, pyrrole, and 1-decanol were purchased from Sigma-Aldrich (St. Louis, MO, USA). All probe molecules had purities of greater than 98 % and were used as received. The presence of small amounts of impurities in these solutes should in no way affect our results since the main chromatographic peak can be routinely distinguished from any impurity peak by its much higher intensity.
Chromatographic [FAP] -stationary phases at (323, 353, and 383) K as part of the present study. Methane was used to measure the dead volume of each column at the three different temperatures. The percent relative standard deviation (% RSD) in experimental retention times for all solutes included in this study was under 1 %. To ensure the integrity of the stationary phases throughout the study, the retention factor and efficiency of naphthalene separation was periodically monitored. The experimental log 10 k values are tabulated in Tables 1, 2 , 3, respectively, along with our extrapolated 298 K log 10 k values obtained through a log 10 k versus 1/T linear plot of the measured data at 323 and 353 K. The values were checked by performing the extrapolation back to 298 K using the measured data at 323 and 383 K. A comparison of the numerical values in Tables 4, 5, 6 shows that the two sets of extrapolated log 10 k (298 K) values differ by at most 0.038 log 10 units. The majority of the calculated differences are less than 0.02 log 10 units. We have elected to use the extrapolated log 10 k values based on the two lower temperatures in developing our correlation equations because log 10 k versus 1/T plots are expected to be linear over small temperature intervals. The interval (298-353) K is the smaller of the two temperature intervals. The largest estimated uncertainty in this extrapolation should be less than 0.04 based on the comparisons given in Tables 4, 5, 6. The gas-to-IL partition coefficient, K, can be obtained from isothermal chromatographic measurements through K = V N /V L where V N is the volume of gas required to elute a solute, and V L is the volume of liquid present as the stationary phase [40] . The retention factor, k, is given by [40] k = (t r -t m )/t m where t r is the retention time of a solute and t m is the ''void'' retention time. Since t r -t m , the corrected retention time, is proportional to V N , the corrected elution volume, it follows that gas-to-liquid partition coefficients and retention factors are interrelated:
To a first approximation, the proportionality constant, P*, is the phase ratio and depends only on chromatographic conditions that should remain constant for a given column during the time the experimental measurements are performed. Thermodynamic gas-to-IL partition coefficients are required to calculate the proportionality constants needed in Eq. 8 (below) for converting the measured log 10 k data in Tables 1 and 2 temperatures (less than 20 K in most instances). The activity coefficients are converted to log 10 K values through Eq. 6
and log 10 P values for partition from water to the IL can be calculated via Eq. 7 log 10 P ¼ log 10 K À log 10 K w ð7Þ
In Eq. 6, P solute is the vapor pressure of the solute at the system temperature (T), V solvent is the molar volume of the IL solvent, and R is the universal gas constant. The conversion of log 10 K data to log 10 P requires knowledge of the solute's gas phase partition coefficient into water, K w , which is available for most of the solutes being studied. As an informational note, the water-to-IL partition coefficients (more formally called Gibbs energy of solute transfer when multiplied by -2.303RT) calculated through Eq. 7 refer to a hypothetical partitioning process involving solute transfer from water to the anhydrous IL. Log 10 P values calculated in this fashion are still useful in that predicted log 10 P values can be used to estimate the solute's infinite dilution activity coefficient in the IL.
The proportionality constants needed in Eq. 5: log 10 P* = 2.802 (298 K) and log 10 P* = 2.790 (323 K) for [BMPyrr] ?
[FAP] -, log 10 P* = 2,379 (298 K) and log 10 P* = 2.308 (323 K) for [BMPyrr] ? [Trif] -, and log 10 P* = 2.619 (298 K) and log 10 P* = 2.557 (323 K) for [MeoeMMorp] ?
[FAP] -, were calculated as average differences between the measured log 10 k and log 10 K for common compounds in the individual IL's data sets. For example, in the [BMPyrr] ? [FAP] -data set, we determined chromatographic retention factors for thirteen compounds (i.e., acetic acid, benzene, 1-butanol, butyraldehyde, ethyl acetate, ethylbenzene, 1-nitropropane, 2-pentanone, pyridine, toluene, m-xylene, o-xylene and p-xylene) that had been previously studied by Dománska et al. [37] . The calculated log 10 K and log 10 P values are compiled in Tables 7, 8, 9 for the three ILs considered in the present study. Log 10 P values are tabulated only for 298 K as we do not have experimental values for the solutes' gas phase partition coefficients into water, log 10 K w , at 323 K. The log 10 K w values that we have compiled thus far are for gas to water at 298 K [41] and 310 K [42] , or for gas to physiological saline at 310 K [42] . For convenience, we have also tabulated in Table 10 the numerical values of solute descriptors for the organic compounds studied. The solute descriptors are of experimental origin, and were taken from the Abraham database. The numerical values were obtained from gasliquid chromatographic measurements and water-to-solvent partition measurements as described in detail elsewhere [11, 43, 44] . 
Results and Discussion
We have assembled in Table 7 -spanning a wide range of polarity and hydrogen-bonding characteristics. Preliminary analysis of the experimental data in accordance with Eqs. 1 and 2 of the Abraham general solvation parameter model revealed that the e k coefficient (e k = 0.025 ± 0.084 and 0.040 ± 0.067) was negligible in both the log 10 K (298 K) and log 10 K (323 K) correlations. The e k ÁE term was thus eliminated from the 298 K and 323 K log 10 K correlations, and the regression analyses were rerun to give the following three linear free energy relationships (LFERs) 
where the standard errors in the calculated equation coefficients are given in parentheses. The statistical information associated with each correlation includes the number of experimental data points (N), the standard deviation (SD), the squared correlation coefficient (R 2 ) and the Fisher F-statistic (F). All regression analyses were performed using SPSS statistical software. The LFERs described by Eqs. 8-10 are statistically very good with standard deviations of less than 0.160 log 10 units. One small change that we have made in the present study concerns converting the measured log 10 K value to log 10 P. We are now using a recent value of log 10 K w = -0.77 for cyclooctane [45] in the log 10 K to log 10 P conversions, which is a departure from our past studies. Stephens et al. [32] noted that the value of log 10 K w = -0.77 for cyclooctane led to slightly smaller standard deviations in the log 10 P correlations of 1-butyl-1-methylpyrolidinium tetracyanoborate and 1-butyl-1-methyl-piperidinium bis(trifluoromethylsulfonyl)imide. The standard deviations in the derived correlations are slightly larger than the uncertainty in the measured data, which we estimate to be on the order of ±0.07 to 0.10 log 10 units. Our estimated uncertainty includes not only the uncertainties in the measured K and c 1 solute data, but also the uncertainties involved in extrapolating the measured values to 298 K and in the calculated proportionality constant, P*, needed to convert the chromatographic retention factors to gas-to-liquid partition coefficients. All three equations can be used to predict infinite dilution activity coefficients and chromatographic retention factors of solutes in anhydrous [BMPyrr] ? [FAP] -. Predicted log 10 K and log 10 P values are converted to c 1 solute values through Eqs. 6 and 7. In the case of chromatographic retention factors, one will need to measure log 10 k values for a few standard ''calibration'' solutes using the actual coated chromatographic column in order to the obtain the phase ratio (P* in Eq. 8) needed to convert the predicted log 10 K values to log 10 k values. Figure 1 provides a plot of log 10 K (298) values predicted from Eq. 8 against experimental values, covering a range of approximately 4.36 log 10 units, from log 10 K = 1.056 for pentane to log 10 K = 5.421 for p-cresol. A comparison of the calculated versus experimental log 10 P data is shown in Fig. 2 .
As noted above, each calculated coefficient corresponds to the sum of the respective cation-and anion-specific contributions. It is possible to put together our published numerical values for the [BMPyrr] ? -specific (c k,cation = -0.570, e k,cation = -0.075, s k,cation = 2.687, a k,cation = 2.338, b k,cation = 0.570 and l k,cation = 0.711 [33] ) and [FAP] --specific equation coefficients (c k,anion = 0.179, e k,anion = -0.015, s k,anion = 0.063, a k,anion = -1.314, b k,anion = 0.238 and l k,anion = -0.053 [33] ? cation were based on only 31 experimental data points. One of the reasons for performing the current study was to obtain more experimental values so that we could later revise several of the ion-specific equation coefficients that had been previously determined. We prefer not to recalculate the ion-specific equation coefficients every time that we add a few more experimental values to our large experimental log 10 K and log 10 P values databases. We believe that the most prudent practice would be to wait on updating of the [BMPyrr] ? -specific equation coefficients until we have added enough new data points to make the revisions meaningful. There are several cations and anions in our data set for which we are in the process of making additional activity coefficient and retention factor measurements.
In order to assess the predictive abilities of Eqs. 8-10, we divided the large data sets into training sets and test sets by allowing the SPSS software to randomly select half of the experimental data points. The selected data points became the training sets and the compounds that were left served as the test sets. Analysis of the experimental data in the two log 10 K and single log 10 P training sets gave 
There is very little difference in the equation coefficients for the full data set and training data set correlations. The training set correlations were then used to predict the gas-to-IL partition coefficients for the 45 compounds in the log 10 K test sets, and the waterto-IL partition coefficients of the 45 compounds in the log 10 P test set. For the predicted and experimental values we found SD values of 0.139, 0.132 and 0.166; average absolute error (AAE) values of 0.117, 0.102 and 0.137; and average error (AE) values of 0.034, -0.046 and -0.020 for Eqs. 12-14, respectively, suggesting the introduction of very little bias in generating these predictions. The training and test set analyses were performed two additional times with similar results.
Experimental log 10 K and log 10 P values are assembled in Table 8 for organic solutes dissolved in [BMPyrr] ? 
The derived correlations describe the observed partition coefficient data to within a standard deviation of SD = 0.14 log 10 units for data sets covering up to 5.6 log 10 units. See Experimental log 10 K and log 10 P values are assembled in Table 9 for organic solutes dissolved in [MeoeMMorp] ? The eÁE term was removed from both final log 10 K correlations, and the c and eÁE terms were removed from the log 10 P correlation, because they made only a very small contribution to the partition coefficient calculation. The standard deviations were unaffected by the removal of these insignificant terms. The derived correlations describe the observed partition coefficient data to within a standard deviation of about SD = 0.16 log 10 units for The computational methodology that we have developed allows us to determine ionspecific equation coefficients of new cations and anions. As noted above, we have already reported [FAP] --specific equation coefficients for the log 10 K correlation of c k,anion = 0.179, e k,anion = -0.015, s k,anion = 0.063, a k,anion = -1.314, b k,anion = 0.238 and l k,anion = -0.053 [33] and for the log 10 P correlation of c p,anion = 0.132, e p,anion = -0.171, s p,anion = 0.121, a p,anion = -1.314, b p,anion = 0.244 and v p,anion = -0.107 [33] based on more than 140 experimental values measured at 298 K. The cation-specific values ? [FAP] for [MeoeMMorp] ? are obtained simply by subtracting the known anion-specific values for [FAP] -from the IL-specific equation coefficients given in Eqs. 18 and 20 (e.g., c cation = c IL -c anion , c anion = c IL -c cation ). Performing the subtraction we obtain log 10 K coefficients of c k,cation = -0.543, e k,cation = 0.015, s k,cation = 2.582, a k,cation = 0.005, b k,cation = 0.649, l k,cation = 0.648, and log 10 P coefficients of c p,cation = -0.132, e p,cation = 0.171, s p,cation = 0.709, a p,cation = -1.048, b p,cation = -4.266, and v p,cation = 3.171 for the 1-methoxyethyl-1-methylmorpholinium cation. Training and test set analyses were performed to validate the robustness of each correlation model. Comparison of the predicted test set and observed values gave SD values of 0.161, 0.135 and 0.175; AAEs of 0.127, 0.105 and 0.135; and AEs of -0.047, 0.025 and -0.020 for the log 10 K (298), log 10 K (323 K) and log 10 P (298 K) equations, respectively.
Conclusions
Published infinite dilution activity coefficients, c 1 solute , and measured chromatographic retention factors, k, were combined to yield gas-to-IL partition coefficients, K, for organic solutes dissolved in 1-butyl- -) IL solvents. The gas-to-IL partition coefficients were converted to water-to-IL partition coefficients, P, using the solutes' gas-to-water partition coefficients. The three sets of partition coefficients were then analyzed using the Abraham model. The derived Abraham model correlations describe the observed gas-to-IL and water-to-IL partition coefficient data to within average standard deviations of about 0.10 and 0.15 log 10 units, respectively.
